Introduction
Women with a genetic predisposition for breast cancer develop breast cancer more frequently and at an earlier age than women without such a predisposition. Without risk-reducing strategies such as mastectomy or salpingo-oophorectomy, the cumulative risk for developing breast cancer up to the age of 70 is around 60% for BRCA1 and 55% for BRCA2 mutation carriers [1] . As more than half of the of the breast cancers in BRCA1/2 carriers occur before the age of 50 [1] , the typical strategies for early detection of breast cancer in the general population, such as organized mammography screening starting at age 50, are not adequate for these high-risk women. Since the sensitivity of mammography in premenopausal women with high breast parenchymal density is reduced [2] , and risks associated with the radiation exposure from mammography are higher in younger women [3] , alternative imaging modalities such as breast ultrasound or magnetic resonance imaging (MRI) of the breast should play a more prominent role in screening young women with a genetic predisposition. Therefore, many countries have recently implemented intensified multimodality surveillance programs that include breast MRI for high-risk women [4] [5] [6] . This paper reviews and discusses the available evidence regarding the risks and benefits of such screening strategies.
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Summary
Efforts for early detection of breast cancer play an important role in the care of high-risk women. This will include both women with a pathological mutation in one of the known breast cancer susceptibility genes as well as women with a high breast cancer risk based on family history only. Due to the much higher incidence of breast cancer in premenopausal women with a genetic predisposition or a familial background, to be most effective, imaging-based breast surveillance should start at an age as early as 25-30 years. There is now ample evidence that magnetic resonance imaging (MRI) is by far the most sensitive imaging modality in young high-risk women. With high-risk multimodality screening at least 30% of breast cancers will be detected primarily by MRI and would have been missed at regular screening without MRI. Therefore, most high-risk breast surveillance programs now offer annual MRI to eligible high-risk women from age 25 to 30, usually supplemented by regular mammography starting at least from age 40. The inclusion of clinical breast exam (CBE) and/or ultrasound in the high-risk surveillance has little impact on the detection of additional cancers, but may improve compliance and reduce unnecessary callbacks for nonspecific findings on MRI. To reduce advanced stage interval cancers, especially in BRCA1/2 mutation carriers, some programs offer additional semiannual CBE and/or ultrasound or alternate MRI and mammography every 6 months. How long regular MRI should be continued in high-risk women is a matter of considerable debate. It appears feasible that MRI can safely be discontinued even in BRCA1/2 mutation carriers between the age of 60 and 70, especially if mammographic breast density is low. Even though several cohort studies have now Bick Breast Care 2015;10:13-20 14 susceptibility genes such as BRCA1 and BRCA2 should be offered additional intensified surveillance strategies beyond regular mammography screening. However, even among BRCA1/2 carriers, individual breast cancer risk will vary substantially based on the existence of genetic modifiers in the family [1] as well as lifestyle factors [7] . When selecting women for high-risk surveillance, it is also important to have strategies in place to deal with rare variants of uncertain significance (VUS) in the BRCA1/2 genes [8] .
Appropriate recommendations for women with a strong family history of breast cancer but no known mutation in one of the high penetrance genes are much more difficult to establish. Usually, in women with an unknown mutation status, a threshold based on estimated lifetime risk or carrier probability is used to select women for intensified surveillance. The National Institute for Health and Care Excellence (NICE) in the UK recommends annual screening with MRI starting at age 30 for women with a BRCA1/2 carrier risk of 30% or more [9] . The American Cancer Society (ACS) recommends screening with MRI in addition to mammography for untested women with a first-degree relative with a known BRCA1/2 mutation or for women with a lifetime risk of 20-25% or greater based on family history [10] . The German Consortium of Hereditary Breast and Ovarian Cancer (GC-HBOC) offers its intensified multimodal surveillance program to women without a mutation in one of the known high or moderate penetrance genes, if the remaining breast cancer lifetime risk is at least 30% and/or if the BRCA1/2 carrier probability is at least 20% [11] . In the GC-HBOC, the software program Cyrillic 2.1 (http://www.cyrillicsoftware.com/) is currently still used for the risk calculation, but the results of the risk calculation may vary substantially depending on the algorithm used [12] .
Since the lifetime risk of contralateral breast cancer can be as high as 83% for BRCA1 and 62% for BRCA2 mutation carriers [1] , most programs also offer the intensified surveillance to woman with a personal history of breast cancer if they fulfill the specified risk criteria for entry into the program [5] .
Another group of women with a significantly elevated risk of breast cancer before the age of 50, similar to BRCA1/2 carriers, are women who received thoracic mantle field radiotherapy for Hodgkin's disease during childhood or adolescence. Therefore, it is usually recommended that these women should be offered the same intensified surveillance, including MRI, as other high-risk patients [5, 13] .
Duration and Frequency of High-Risk Screening
Based on the available data on age-specific breast cancer incidence in BRCA1/2 carriers [1, 14] , intensified surveillance including annual MRI should be offered to high-risk women starting at least from age 30 [9] . Since a small number of BRCA1/2 carriers develop breast cancer even before age 30 and these cancers are often of high clinical relevance, the GC-HBOC offers screening to women with a known BRCA1/2 mutation already from age 25 (table 1). Very early onset of breast cancer in a family member (e.g. before the age of 30) may be considered a reason to start screening even earlier, with the usual recommendation to start screening at least 5 years before the earliest breast cancer diagnosis in the family. Another group of patients in whom breast cancer screening may have to start as early as age 20-25 years are women with TP53 mutations (Li-Fraumeni syndrome) [9, 15] . Most recommendations agree that the intensified surveillance, including annual MRI, should be continued at least until the age of 50 [16] , when most regular mammography screening programs for the general population start. However, the relative incidence rates for breast cancer for BRCA1/2 carriers older than 50 remain high (at least 10 times higher) compared to the general population [14] , and since the additional benefit in breast cancer detection of MRI over mammography is relatively independent of age [17] , it appears advisable to continue the intensified surveillance with annual MRI in BRCA1/2 mutation carriers until breast parenchymal density is sufficiently low to allow for optimal imaging conditions with mammography, but usually not beyond age 70 [5] .
Intensified surveillance is also no longer necessary after bilateral therapeutic or prophylactic mastectomy, as long as the breast parenchyma has been adequately removed during the procedure [5] . If necessary, this can easily be confirmed by MRI following the surgery [18] .
Whether an annual screening frequency is sufficient in BRCA1/2 mutation carriers is a matter of considerable debate. Some cancers, especially in BRCA1-carriers, present as palpable interval cancers, usually between 6 and 12 months after a normal annual screening exam with MRI [17, 19] . Some high-risk screening programs therefore include semiannual clinical breast exam (CBE) and/or breast ultrasound in addition to the regular annual screening round with MRI [11, 20, 21] or alternate MRI and mammography every 6 months [22] .
Breast MRI
MRI of the breast is by far the most sensitive imaging modality for the detection of both invasive and in situ breast cancer, and represents the cornerstone of any high-risk surveillance program for breast cancer. Even if used alongside CBE, ultrasound, and mammography in a high-risk multimodality screening program, at least 30% of cancers will be detected primarily by MRI and would have been missed at regular screening without MRI [4, 5] . If measured against all cancers detected at multimodality screening or during the 12-month interval following the particular screening round, MRI has a sensitivity of 90% compared to not more than 60% for mammography and ultrasound combined [23] . Cancers missed at MRI in this calculation include cancers detected incidentally at prophylactic surgery, true clinical interval cancers predominantly in BRCA1 carriers and a small number of cancers associated with microcalcifications detected solely by mammography (mostly non-high-grade ductal carcinoma in situ (DCIS)). The sensitivity of MRI especially in regards to DCIS is strongly dependent on image quality and reader experience [24, 25] . Modern high-field (1.5 T or higher) magnets coupled with dedicated multichannel breast coils enable combined high temporal (1 min or less per dynamic sequence) and high spatial resolution (< 1 mm in plane resolution) imaging, which allows detection of cancers as small as 3-5 mm. For optimal results, appropriate quality assurance measures similar to organized mammography screening should be in place for screening with MRI, including minimal requirements for the imaging protocol and reader experience as well as structured double reading [4, 26, 27] .
As many benign abnormalities including fibroadenomas, lymph nodes, fibrocystic changes and pathological high-risk lesions (such lobular neoplasia or flat epithelial atypia) may show enhancement on MRI, false-positive findings are unavoidable in MRI screening and may be as high as 10-15%, especially in the first (prevalence) screening round [5] . The specificity of MRI can be increased by timing the MRI exam in the appropriate menstrual cycle phase (second week) in premenopausal women [28] and by discouraging the use of hormonal contraception or hormone replacement therapy prior to MRI. Also, risk-reducing salpingo-oophorectomy and long-term adjuvant endocrine therapy in high-risk women previously diagnosed with breast cancer will create optimal imaging conditions for MRI.
The addition of mammography and tailored second-look ultrasound can further increase the specificity of MRI, especially for non-mass-like enhancement [29] . However to avoid delay in diagnosis [30] , small enhancing mass lesions on MRI, which are new or increased in size, should be biopsied or at least subjected to shortterm follow-up, even if no corresponding correlate is found on mammography or second-look ultrasound. This is especially true for BRCA1 mutation carriers, in whom an otherwise non-descript small enhancing mass lesion may represent an aggressive triplenegative breast cancer (TNBC).
With appropriate safeguards (e.g. single-dose protocols, use of low nephrogenic systemic fibrosis-risk contrast media and screening for renal function impairment), contrast-enhanced MRI is a very safe procedure [31] . However, MRI cannot be performed in a small number of patients, e.g. due to previous adverse reactions to contrast media, severe claustrophobia or medical implants incompatible with MRI. In these patients mammography, ultrasound or CBE may have to be performed at a higher frequency, or in case of BRCA1/2 mutation carriers risk-reducing surgeries may play a bigger role.
Mammography
Mammography represents the cornerstone of breast cancer screening in the general population, especially in the age group 50-70. It is the only breast screening modality for which a significant reduction in breast cancer mortality has been shown in large randomized trials [32, 33] . In several countries, highly efficient and quality-assured mammography screening programs are in operation, which are able to offer this service to all women in the eligible age group. This capability is unique to mammography, since both ultrasound and breast MRI are too time consuming and expensive to be offered to the general population. However, mammography has several drawbacks. Sensitivity of mammography is relatively low, especially in women with dense breasts. It is accepted that up to 30% of the underlying (expected) breast cancer incidence rate in a screened population will be found as interval cancers in the first year after a screening mammogram, and up to 50% in the second year after screening [34] . Some of these cancers might have been detectable at the time of screening by other means. The risk associated with radiation exposure from modern, especially digital, mammography is small relative to the benefits in women 40 years and older [35] . However, the risk of radiation-induced breast cancer is higher in younger women, especially those younger than 30 [3] . There is also some concern that BRCA1/2 carriers may be at higher risk for radiation injury [36] since both genes are involved in the DNA repair mechanism. Evidence in this regard has so far been mixed [37] [38] [39] , but at least one study has shown a slightly elevated risk of breast cancer in BRCA1/2 carriers exposed to radiation from diagnostic procedures before the age of 30 [40] . When high-risk screening programs were first set up more than 10 years ago, consensus based on expert opinion was to include strict annual mammography in the surveillance starting between age 25 and 35 for all high-risk patients [41] [42] [43] [44] [45] . However, with the improving technical quality of breast MRI and increasing reader experience, it has become evident that the additional absolute benefit of including mammography along with breast MRI in high-risk screening is small [5, 17, 46] , especially in high-risk women below the age of 40, for whom even in BRCA1/2 mutation carriers the incidence of breast cancer is still relatively low. Therefore, in 2013 the GC-HBOC adjusted its high-risk surveillance program (table 1) . Mammography is no longer recommended routinely for high-risk women below the age of 40 without a personal history of breast cancer if a high-quality breast MRI with little nonspecific background enhancement is available. A similar approach has been chosen for the recently set-up high-risk surveillance program in the UK (NHS Breast Screening Programme, NHSBSP), in which MRI only is offered as a screening tool in high-risk women below the age of 40 [9, 26] . However, if MRI cannot be performed due existing contraindications or is limited due to very strong background enhancement, mammography will continue to play a role even in high-risk women under the age of 40.
If possible, digital mammography rather than conventional film-screen mammography should be employed for high-risk screening [5] . Digital mammography has a higher sensitivity in women with dense breasts, which will be particularly beneficial, when screening young premenopausal high-risk women [47] . In addition, digital mammography has been found to be superior to conventional film-screen mammography in the detection of microcalcifications [48] , the key feature of cancers detected solely by mammography, and not with ultrasound or MRI. The role of digital breast tomosynthesis (DBT), a new tomographic breast imaging technique based on a series of low-dose mammographic images obtained from different angles [49] , is less clear for high-risk screening. This technique certainly plays an important role in the work-up of suspicious lesions seen primarily on MRI. Many of these lesions, even if not seen on the overview 2-dimensional (2D) Bick Breast Care 2015;10:13-20 16 mammogram, have some correlating finding on the tomosynthesis slices, allowing for exact 3D localization and if necessary facilitating biopsy. It has also been shown that the use of DBT in screening leads to a higher sensitivity, at least when DBT is used in addition to 2D mammography [50] [51] [52] . However, no studies are yet available to demonstrate what the additional benefit will be if DBT is used alongside MRI and/or ultrasound in a high-risk screening program. The benefit of DBT over 2D mammography is primarily related to non-calcified lesions, which are more likely to be visible on MRI and/or ultrasound [53] . Depiction of microcalcifications may in fact even be slightly inferior on DBT relative to digital 2D mammography [54] . DBT is, therefore, occasionally performed in combination with an additional 2D mammography, which would be inappropriate in high-risk women due to the associate increase in radiation exposure.
Breast Ultrasound
Breast ultrasound is a safe and easily performed procedure with virtually no contraindications. Whereas hand-held breast ultrasound examination performed by a physician, usually as an extension of a CBE, is readily available in many European and Asian countries, use of breast ultrasound as part of breast cancer screening has traditionally been rare in the UK and North America. This has changed somewhat with the recent 'Are you dense' campaign in the US, requiring physicians in many states of the US to offer supplementary breast ultrasound in addition to mammography to women with dense breasts [55, 56] . Even though the additional contribution of breast ultrasound performed alongside MRI in a high-risk screening program to breast cancer detection will be very low [5, 56] , breast ultrasound can play an important role in highrisk screening. In the GC-HBOC, a short hand-held breast ultrasound in combination with a CBE is routinely performed by a physician preferably after and in full knowledge of the MRI (table 1) . This allows for direct correlation of the MRI findings with the ultrasound and the clinical exam. Many nonspecific enhancing lesions on MRI, such as fibroadenomas or lymph nodes, can easily be identified on targeted ultrasound and thus the specificity of MRI can be increased [57] . Short-term follow-up, and if necessary biopsy, can then safely be performed by ultrasound. This also obviates the need for a formal recall system with its associated anxiety for the patients, since MRI findings can be discussed with all women in person. This is especially relevant when considering that in an organized high-risk multimodal screening program the total recall rate of MRI and mammography combined can be as high as 25%, at least in the first prevalent round [5] . The patient contact time during the ultrasound exam can be used for obtaining a short history as well as counseling, e.g. regarding other risk-reducing measures or associated non-breast cancer risks. Offering breast ultrasound and CBE as part of a high-risk surveillance program is usually well accepted and considered reassuring by the participating women [20] . In the GC-HBOC, ultrasound is offered in the 6-month interval between the annual MRI exams to women with a known mutation in one of the high-penetrance breast cancer susceptibility genes (table 1, fig. 1 ). In these cases the ultrasound at the time of the annual exam also serves as important comparison for the semiannual ultrasound-only exam. Breast ultrasound is the modality of choice during pregnancy and lactation, as both MRI and mammography are contraindicated during pregnancy and often severely limited during lactation. During this time, it may be reasonable to offer ultrasound in shorter intervals, e.g. every 3 months. An argument against the performance of breast ultrasound as part of screening is usually the high number of false-positive findings. However, if performed alongside MRI, many small nonspecific hypoechoic lesions on ultrasound can safely be ignored or subjected to short-term follow-up if no abnormal enhancement is seen on MRI in the region of the ultrasound abnormality. Recently, new automated whole-breast ultrasound systems have been proposed as a substitute for hand-held ultrasound devices in screening [58] . However, the interpretation time for a full bilateral automated 3D breast ultrasound dataset is almost as long as the exam time for a tailored hand-held ultrasound by an experienced physician [59] , and the automated ultrasound lacks the 2 key aspects that make ultrasound an important component of high-risk surveillance: the reassuring direct contact of the patient with a physician and the possibility to tailor the ultrasound exam specifically for the correlation of nonspecific MRI findings.
Genotype-Phenotype Correlation and Implications for Screening
Genetic changes in high-risk women do not only influence the frequency and age at which breast cancer is likely to occur [1] , but also the histological type and imaging presentation of breast cancers differ depending on the underlying genetic abnormality [60, 61] . Knowledge of the genetic status of a particular patient is, Fig. 1 . High-risk female patient with a known pathogenic mutation in the BRCA1 gene, who entered the intensified breast surveillance program of the German Consortium for Hereditary Breast and Ovarian Cancer (GC-HBOC) at the Charité in Berlin, Germany, in 2005 at age 31 without a prior history of cancer. In 2011 at age 37 a new 9-mm hypoechoic lesion was found in the upper-outer quadrant of the left breast on a regular scheduled 6-month interval ultrasound exam (a). Except for a slightly microlobulated margin the lesion exhibited predominantly benign ultrasound features such as oval shape, parallel orientation of the long axis, and posterior enhancement. A targeted mammographic view (b) with a metallic marker placed on the skin over the ultrasound lesion showed a few isolated non-suspicious calcifications as well as a very vague density in the area of the tumor. Repeat magnetic resonance imaging (MRI) (c) performed because of the abnormal ultrasound finding showed a corresponding subtle enhancing mass in the left breast (arrow) with typical ring enhancement suspicious for a high-grade malignancy. This lesion was not present even in retrospect on the last prior regular annual screening MRI exam 6 months earlier. Ultrasound-guided core biopsy confirmed a triple-negative breast cancer (TNBC) with a proliferation rate (Ki-67) of more than 90%. Sentinel-node biopsy performed before initiation of neoadjuvant chemotherapy was negative (pN0(sn)(0/4)) and the patient had pathological complete remission (pCR) at breast-conserving surgery following completion of neoadjuvant chemotherapy with carboplatin and docetaxel. In 2012 at age 38, after completion of adjuvant radiation therapy, the patient underwent risk-reducing salpingo-oophorectomy as recommended by the GC-HBOC for BRCA1/2 carriers around age 40. She resumed regular high-risk breast surveillance in 2012 and is currently healthy without evidence of recurrence or metastatic disease 3.5 years after her breast cancer diagnosis.
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Breast Care 2015;10:13-20 18 therefore, crucial for choosing the optimal individualized surveillance strategy in high-risk patients. Fast-growing TNBCs are very common in BRCA1 mutation carriers, representing around 69% of all invasive cancers found in BRCA1 carriers. By contrast, only around 16% of all invasive cancers found in BRCA2 carriers are TNBCs. Interestingly, the share of triple-negative tumors seems to decrease with age for BRCA1 carriers, but to increase with age for BRCA2 carriers [60] . BRCA1-associated TNBCs often lack typical mammographic features of malignancy, such as spiculated margins or microcalcifications, and are therefore more often occult on mammography [62] [63] [64] [65] , decreasing the importance of mammography for the surveillance of BRCA1-positive patients [66] (fig. 1 ). On ultrasound, the majority of BRCA1-associated breast cancers with a size of more than 5 mm will be visible on targeted ultrasound as a hypoechoic solid mass, but may lack some of the typical sonographic features of malignancy, such as irregular shape, posterior acoustic shadowing or angulated/spiculated margins [67, 68] ( fig. 1 ). Even though based on morphological criteria TNBCs may also appear benign on MRI, the correct diagnosis can usually be made due to typical malignant contrast enhancement features, such as rapid initial uptake or rim enhancement [69] (fig. 1 ). Unfortunately, several of the older studies on the imaging features of BRCA1-associated cancers did not differentiate between TNBCs and other cancers in BRCA1 carriers, although it can be assumed that the majority of the BRCA1-associated cancers in these studies would have been TNBCs. Imaging findings in BRCA2-associated breast cancers are much more similar to sporadic breast cancers, including a significantly higher proportion of in situ cancers with typical microcalcifications on mammography [61] . Another example of an association between immunohistological tumor properties and imaging features is the observation that estrogen receptornegative and HER2-positive cancers, which are rare in both BRCA1 and BRCA2 carriers [70] , are often associated with typical malignant mammographic features, such as spiculated margins and pleomorphic microcalcifications [63] .
Impact on Mortality
In women with a genetic predisposition for breast cancer, anxiety regarding breast or ovarian cancer mortality is very common, and is a major motivation to seek counseling and to participate in prevention measures. Many women have witnessed close relatives die of breast or ovarian cancer and they are determined to prevent the same fate for themselves. Based on model calculations, it is estimated that without intervention, 47% of BRCA1 mutation carriers und 29% of BRCA2 mutation carriers will die before reaching age 70, compared to 16% in the general US population [71] . In this situation, offering early detection measures for secondary prevention to high-risk women means taking on a large responsibility, especially as effective surgical prevention measures such as bilateral risk-reducing mastectomy and/or salpingo-oophorectomy are available [72, 73] . Unfortunately, very few reliable data are available regarding the effectiveness of intensified surveillance in highrisk women in regards to reducing breast cancer mortality [6, 22, 74] . No randomized trials are available and are unlikely to occur due to the ethical dilemma of having to offer no screening to one arm of the trial. In addition, comparison with historical cohorts is difficult due to the substantial advances in targeted treatment and an increasing frequency of risk-reducing surgeries in high-risk women. Several prospective observational studies have shown a very favorable stage distribution of cancers detected by intensified multimodal surveillance programs [17, 23, 61, [75] [76] [77] , which can be used as surrogate parameter for the reduction in breast cancer mortality.
However, intensified surveillance appears to be somewhat less effective in BRCA1 mutation carriers [6] , in whom more advanced stage cancers, symptomatic interval cancers as well as breast cancer deaths have been observed despite regular screening with MRI in several of the high-risk surveillance observational studies [61, 66, 73, 78, 79] . In the analysis of Heijnsdijk et al. [61] , which combined data from the Dutch, Canadian and UK high-risk screening trials, the share of T1c and T2+ tumors was 29% and 22%, respectively, for BRCA1 mutation carriers, compared to 16% and 4% for BRCA2 mutation carriers. There are 2 other factors that may also contribute to a less favorable outcome for surveillance-only strategies in BRCA1 carriers. There is evidence that the strong correlation between tumor size at detection and prognosis usually observed in breast cancer patients is much weaker for basal-like TNBCs, which are frequently found in BRCA1 mutation carriers [80] . A substantial portion of these cancers will have or will develop metastatic disease even if found at a size of less than 10-15 mm, and prognosis is less favorable than for other types of breast cancers found at the same size [6, 81] . In addition, due to the relatively poor prognosis and the lack of hormone receptors, the majority of TNBCs will require aggressive adjuvant chemotherapy, even if the cancer was found at a small size during intensified surveillance [21] . These factors contribute to the fact that prophylactic mastectomy (both primary and secondary) is now more actively offered to BRCA1 mutation carriers, and uptake of prophylactic mastectomy as riskreducing surgery has been increasing in this patient group in recent years. However, even in women who eventually opt for riskreducing bilateral mastectomy, intensified surveillance may be helpful as a temporary measure to delay the decision, e.g. until after completion of family planning.
When evaluating the efficiency of high-risk screening, it has to be borne in mind that both survival times and relative stage distribution of observed cancers during screening [82] will be influenced by a likely substantial detection lead-time for non-TNBCs through aggressive multimodal screening with MRI. On the other hand, the issue of overdiagnosis, which must be considered in populationbased mammography screening of postmenopausal women [33] , will likely be of minor importance in screening young high-risk patients. The potentially long lead time of MRI-based screening in combination with the prolonged natural history of breast cancer also means that the mortality evaluation in high risk screening must include very long and complete follow-up for 10 years or more. This will be difficult to achieve for young mobile women of child-bearing age without accurate nationwide cancer registry linkage, as done in the recent Norwegian trial of BRCA1 mutation carriers undergoing high-risk surveillance with MRI as part of a national screening program [6] .
Conclusion
Imaging-based surveillance for early detection of breast cancer is an important component of the care for high-risk women along with other preventive measures. Multimodality screening with inclusion of MRI can detect the vast majority of breast cancers at an early, potentially curable stage. However, for an adequate assessment of the safety of this approach, further long-term follow-up of high-risk women undergoing intensified breast surveillance is urgently needed, especially as other risk-reducing surgical measures are available and have been demonstrated to be highly effective in reducing breast cancer mortality in high-risk women.
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